Abstract Polyphenols, the most abundant dietary antioxidants, also possess many other anticarcinogenic activities. Urinary metabolites of polyphenols could complement dietary assessment of the bioavailability of these nutrients. We conducted a study of 353 incident breast cancer cases and 701 individually matched controls nested within the Shanghai Women's Health Study cohort of women aged 40-70 years at baseline. Liquid chromatography photodiode array electrospray mass spectrometry was used to measure tea polyphenols (epicatechin, epigallocatechin, and their metabolites) and flavonols (e.g., quercetin and kaempferol). Multivariate conditional logistic regression analyses were used to assess associations between breast cancer risk and urinary excretion rates of polyphenols. Urinary excretion of tea polyphenols increased with increasing tea leaves consumed among controls, but not among breast cancer cases. Compared with cases, controls had higher levels of urinary total polyphenols and tea polyphenols, particularly epicatechin. In contrast, we did not find any dose-response relationship between urinary polyphenols and breast cancer risk. Urinary excretion of epicatechin was inversely associated with breast cancer risk [odds ratio (OR) and 95% confidence interval (CI) of 0.59 (0.39-0.88) for the intermediate tertile]. In spline regression, we found an overall dose-response relationship between epicatechin level and risk of breast cancer, although it was not apparent in low and middle urinary excretion range. In conclusion, high epicatechin may be related to a reduced risk of breast cancer. Further studies are warranted to confirm our findings.
Introduction
Migration studies have suggested the importance of changing lifestyle in the etiology of breast cancer [1] . With a similar structure to estrogens, soy isoflavones, a specific group of polyphenols consumed in large quantities in East Asian populations with traditionally low breast cancer risk, have been considered as a potential protective factor [2] [3] [4] [5] [6] . However, growing evidence indicates that soy consumption alone is unlikely to explain the observed low rates of breast cancer in China and Japan [7] [8] [9] .
In addition to soyfoods, East Asian women also consume high levels of green tea, allium vegetables, and other fruits, and vegetables, all of which contain high concentrations of polyphenols, particularly flavanols and flavonols. In addition to potent antioxidant activity, flavanols and flavonols also possess other effects, including inhibition of aromatase [10] [11] [12] and inhibition or induction of phase I bioactivating enzymes and phase II detoxifying enzymes, and antiinflammatory and antitelomerase activities [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Furthermore, with a catechol ring, flavanols and flavonols are the only two common groups of polyphenols possessing a similar structure to catechol estrogen metabolites. Hence, flavanols and/or flavonols may play an important role in the etiology of breast cancer by competitively inhibiting production or metabolism of catechol estrogen metabolites [24] .
Polyphenols are the most abundant antioxidants in our diets. Most polyphenols exist primarily in the outer sections of fruits and vegetables [25] [26] [27] and the culinary preparation, such as peeling and heating may lead to substantial loss of polyphenols [26, 27] . The absorption rate of individual polyphenols differs greatly from 0.3 to 1.4% for flavonol quercetin to 3-26% for flavanols and isoflavones [27] . Therefore, it is difficult to estimate polyphenols from dietary intake using a food-frequency questionnaire (FFQ). In fact, many polyphenols can be absorbed only after metabolism by gut microflora and a dramatic interperson variation in the bioavailability of polyphenols has been observed after identical intake of polyphenols [27] [28] [29] [30] [31] . Therefore, urinary metabolites of these polyphenols may be a more accurate measure of bioavailability than dietary assessment. Although urinary excretion of polyphenol metabolites may reflect intake levels of these compounds primarily over the past 24-96 h [28, 32] , personal dietary preference, such as allium vegetables, tea drinking, and intakes of soy foods, are likely to be relatively stable over time, particularly in adults [33] .
No prospective study has directly examined the association of urinary flavonols and flavanols with breast cancer risk. In a nested case-control study within the Shanghai Women's Health Study (SWHS) cohort, we investigated the associations between urinary excretions of flavonols and flavanols and risk of breast cancer.
Materials and methods
The Shanghai Women's Health Study Details on the establishment of the SWHS have been reported elsewhere [34] . In brief, at the baseline from March 1997 to May 2000, a cohort of 74,942 Chinese women between 40 and 70 years of age was formed with a 92% participation rate in Shanghai. Participants were interviewed by trained interviewers to elicit information on demographic characteristics, medical history, anthropometrics, usual dietary habits, physical activities, and other lifestyle factors. Two measurements were performed at the end of the in-person interview for weight, height, and circumferences of the waist and hips. A third measurement was conducted if the difference between the first two measurements was larger than 1 kg for weight, 1 cm for height, and 0.5 cm for circumferences. The study was approved by all relevant institutional review boards in China and the United States. All participants provided informed written consent.
Cohort follow-up and outcome ascertainment: The SWHS participants were tracked for the occurrence of cancer by a combination of active surveys conducted every 2 years and annual record linkage of the study population to cancer case data collected by the population-based Shanghai Cancer Registry and death certificates collected by the Shanghai Municipal Center for Disease Control and Prevention. Nearly all cohort members were successfully followed. The response rates were 99.8% (2000) (2001) (2002) for the first in-person follow-up survey, 98.7% (2002) (2003) (2004) for the second, and 96.7% (2004) (2005) (2006) (2007) for the third follow up. All possible incident cancer cases were verified by home visits and medical record review.
Sample collection, storage, and processing: A spot urine sample was collected into a sterilized 100-ml cup containing 125 mg of ascorbic acid. The collected samples were kept in a portable, insulated bag with ice packs (at about 0-4°C) [34] . The urine samples were processed within 6 h of collection, and the urine specimens were immediately stored at -80°C.
Nested case-control design
The nested case-control study was conducted among women who donated a urine sample (65,754 (87.7%) of the cohort) at baseline or during first follow-up (approximately 2 years later). Among them, 436 cases were indentified from November 1997 to September 2004 (all of the urine samples were collected before cancer diagnosis). Controls were selected among the study participants who were cancer free at the time of cancer diagnosis of the matched cases. Two controls were randomly selected and matched with each case based on age at baseline (±2 years), date at study enrollment (B30 days), time (morning or afternoon) of urine collection, interval since last meal (B2 h), menopausal status (pre-or post-), and antibiotic use (yes/no) in the past week. The first 353 identified cases (with an average 6.1 years of follow-up) and their individually matched controls were included in the present study. The remaining 83 cases and their matched controls were excluded due to changes in laboratory instruments and conditions. Two controls were successfully matched with each of 349 cases, while 3 cases were matched with only one control each. One case was not matched with a control, and was therefore excluded. In total, 352 cases and 701 controls were available for this study.
Exposure measurement
Tea consumption: At the baseline survey, every participant was asked whether she ever drank tea three times or more per week for at least 6 months. If the participant answered 'yes', she was considered a regular tea drinker. She was then asked whether currently she still drank tea regularly, the age she started, and the type of tea she mainly drank, as well as the amount of dry tea leaves she consumed each month. If she was not a current regular tea drinker, she was asked at what age she stopped regularly consuming tea.
Urinary excretion of tea polyphenols: Measurements of tea polyphenols were carried out by liquid chromatography electrospray mass spectrometry (LC/ESI-MS) as established recently in Dr. Franke's laboratory [35] . Quercetin, kaempferol, epicatechin (EC), epigallocatechin (EGC), and their respective metabolites 5-(3
0 -MeEGC, the methylated form of EGC, were measured by HPLC with electrospray ionization (negative mode) high resolution tandem mass spectrometry (model TSQ, Thermo, San Jose, CA) similar to earlier reports [36] [37] [38] .
2 H 2 labeled enterolactone (University of Helsinki, Finland) was added as internal standard to each urine specimen hydrolyzed with glucuronidase and sulfatase (Roche Applied Sciences, Indianapolis, IN) for 1 h at 37°C followed by phase separation with ethylacetate [39] . The organic phase was dried under nitrogen at room temperature and redissolved in a 1:1 mixture of acetonitrile/sodium acetate buffer (0.2 M, pH5). In each aforementioned step 0.1% aq. ascorbic acid and 0.1% aq. EDTA was also present, to preserve the catechins. A volume of 25 lL of this extract was separated on a Beta Basic-8 column (100 9 2.1 mm i.d., 3 lm) coupled to a BetaBasic-8 precolumn (10 9 2.1 mm i.d., 3 lm; both from Thermo Corp). All other HPLC and MS conditions were used as previously [38] . Multiple reaction monitoring was performed using transitions (collision energies) for quercetin from m/z 301.0 to m/z 178.9 (27 eV),150.9 (31 eV), and 107.1 Postcolumn addition of 0.25% aq. ammonia at 40 lL/min as dopant did not significantly improve signal intensity. The limits of detection for EC, EGC, kaempferol, and quercetin are 1nM, while the limits of detection for M4, M6, 4M_EGC are 100nM. Final results were expressed after adjusting for creatinine concentrations (ng/mg creatinine). Creatinine levels were determined with a test kit (kit 555 l; Sigma Co., St. Louis, MO), based on the Jaffe reaction [6] , and mean coefficients of variation for intraand inter-assay variability were found to be 4.1 and 6.7%, respectively.
Statistical analysis
Baseline covariates were compared between cases and controls to evaluate the potential confounding factors. Paired Wilcoxon signed rank test was used to compare the urinary excretion of polyphenols between cases and controls. Except for M4, urinary levels of polyphenols were categorized based on the tertile distribution in controls. The M4 level was under the minimal detectable limit for about 75% of participants. Thus, participants with undetectable values were classified as reference group and median was used as cutpoint for those with detectable levels. Conditional logistic regression was used to analyze the association between urinary excretion levels of polyphenols and the risk of breast cancer. The models were adjusted for age alone (model 1) or for multiple covariates that might confound the relation between polyphenols and breast cancer (model 2). Potential confounding factors included in final regression model (model 2) were listed in the footnotes of relevant tables. Stratified analyses by menopausal status, body mass index, status of regular tea drinking, years of tea drinking, and plasma concentrations of carotenoids at baseline as well as urinary levels of M4 were performed to evaluate whether risk of breast cancer differed according to these factors. We utilized the body mass index (BMI) cut points for Asian populations (23 for overweight and 27.5 for obesity), recommended by World Health Organization [40] . Because this is a matched casecontrol design, stratum-specific ORs were derived from conditional regression with the inclusion of terms for main effect along with interaction terms (e.g., dummy variables for the middle or highest levels of polyphenols with dichotomous variable for stratified variable). By adding these interaction terms, case-control pairs were not broken, and all of the subjects were included in the model building. Based on the values (0, 1) of the stratified variable, the stratum-specific ORs were calculated [41] . Likelihood ratio tests were conducted to test for potential interactions. For the association between tea consumption and urinary excretion of tea polyphenols, test for nonlinearity was conducted using restricted cubic spline; and if it was not significant (e.g., likely linear association), we further conducted tests for linear trend. Tests for trend were performed by entering the categorical variables as continuous variables in the model using median value. The above-mentioned statistical data analysis was performed with SAS 9.1 software (SAS Institute, Cary, NC). All of the reported P values were two-tailed, and statistical significance was set at 0.05.
We also utilized the restricted cubic spline function models to examine the dose-response association of urinary polyphenols with risk of breast cancer and tea consumption [42] using R package version 2.8.0 (http:// cran.r-project.org/). Table 1 are the comparisons of potential confounding factors between cases and controls at the time of urine collection. The average age of cases at diagnosis was 52.8 years. Approximately half of the cases and controls were postmenopausal at baseline. Compared to controls, cases were more likely to have higher educational achievement, earlier age at menarche, later age at first live birth, a family history of breast cancer, and a history of breast fibroadenoma. Controls were more likely to smoke cigarettes, breastfeed longer, and have a higher intake of red meat and soy isoflavones compared with cases. Urinary excretions of five tea polyphenols were statistically significantly correlated with pair-wise correlation coefficients ranging from 0.09 to 0.76 among controls (Data not shown). We compared the amount of tea leaves consumed, as derived from questionnaire data, with the urinary excretion levels of tea polyphenols. In controls, except for 4 0 -MeEGC, urinary excretion of tea polyphenols, including EGC, EC, and their metabolites M6 and M4 (nmol/mg creatinine), significantly increased with the amount of tea leaves consumed in a linear dose-response manner ( Table 2 ). In breast cancer cases, however, we found no significant linear dose-response relationship of urinary levels of tea polyphenols with the amount of tea consumed ( Table 2 ). The patterns were similar in the sensitivity analyses after excluding cases diagnosed within 3 years from baseline (Data not shown).
Results
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The urinary excretion rates of polyphenols were compared between cases and controls using the paired Wilcoxon signed rank test (Table 3 ). The detectable rate of EC, EGC, EGC_4M, M4, M6, K, and Q were 52.4, 79.5, 52.7, 29.1, 93.2, 84.7, and 87.3%, respectively. In paired signed rank tests, we found except for quercertin, urinary excretion rates of all other polyphenols were significantly lower among cases than those among controls. However, we found no significant linear associations of breast cancer risk with levels of any polyphenols in a dose-response manner ( Table 4 ). The only significant association was a reduced risk [OR = 0.59 (0.40-0.89)] for the intermediate tertile of EC, but the OR for the highest tertile level was not reduced. After adjusting for tea consumption, the results did not change substantially. In a separate analysis based on quintile distribution, the ORs (95% CI) for EC were 1.00 (reference), 0.53 (0.34-0.86), 0.79 (0.49-1.26), 1.24 (0.80-1.91) and 0.87 (0.55-1.36) from the lowest to the highest quintile levels. In the restricted cubic spline function model with nonlinear terms, overall, the risk of breast cancer decreased with urinary level of EC in a doseresponse manner, particularly in high urinary excretion range (Fig. 1) . We also found that the dose-response association was nonlinear (P = 0.06). We found a much weaker dose-response curve for urinary level of EGC (Fig. 2) . Stratified analyses showed that menopausal status, body mass index, and plasma concentrations of total carotenoids and tocopherols did not significantly modify Table 2 The association of log-transformed urinary polyphenols with green tea intake amount among controls or cases after adjusting for age, within the Shanghai Women the associations between urinary polyphenols and breast cancer risk (data not shown).
Discussion
To our knowledge, this is the first prospective study examining the association between urinary levels of polyphenol flavanols and flavonols and risk of breast cancer. Strikingly, we found urinary excretion of tea polyphenols increased with increasing tea leaves consumed among controls, but not breast cancer cases. We found levels of polyphenol EC and M4 to be significantly higher among controls than their matched cases. However, no statistically significant linear dose-response associations were found between urinary excretion of flavanols and flavonols and risk of breast cancer in categorized analyses. In the restricted cubic spline function model with nonlinear terms, we found an overall nonlinear dose-response relationship between level of EC and risk of breast cancer, although it was not apparent in low urinary excretion range.
We found in the current study that the dose-response associations between tea drinking amount and urinary tea polyphenols were observed only among healthy controls, which is consistent with a previous study [43] . We found the dose-response relationship with EC was not as strong as that for EGC in controls. Unlike EGC, EC could also be derived from certain other sources of fruits and vegetables, such as apples. On the other hand, no clear dose-response relationships were seen among breast cancer cases. It is possible that breast cancer patients have a different hormone metabolism pattern from healthy subjects. For example, previous studies found that tea polyphenols and estrogens were metabolized by the same enzymes, such as catechol-o-methyltransferase (COMT) [44, 45] , whereas polymorphisms in the COMT gene may be associated with breast cancer risk [46] [47] [48] [49] . Therefore, the differing associations between tea drinking amount and urinary tea polyphenols by case-control status may be because polyphenols are metabolized differently in cases and controls. This finding, if confirmed, has very important implications as it can potentially be utilized to develop tests in indentifying high-risk women.
Three previous case-control studies evaluated the associations between dietary intakes of flavonols and flavanols and risk of breast cancer and found inconsistent results [50] [51] [52] . Very recently, a cohort study found dietary intakes of flavonols and flavones not related to the breast cancer risk [53] . Epidemiologic studies have also generated discordant findings for the association between tea drinking (abundant in flavonols, particularly flavanols) and breast cancer. In a recent metaanalysis of epidemiologic studies, black tea consumption was inversely associated with breast cancer risk in eight case-control studies, whereas in five cohort studies a moderately increased risk was observed [54] . In accordance with an earlier meta-analysis, a nonsignificant inverse association was observed between green tea and breast cancer risk in three cohort studies, and only in one case-control study the inverse association reached statistical significance [54, 55] . We found in a populationbased case-control study conducted among Chinese women in Shanghai that regular green tea drinking was related to a 12% reduction in risk of breast cancer [56] , in consistent with another case-control study conducted among Chinese women [57] . In the current prospective study, we did not find an overall association for green tea drinking [58] . In addition, previous studies also generated inconclusive results on the associations between dietary intake of allium vegetables (rich in flavonols) and risk of breast cancer [32, [59] [60] [61] [62] . Possible explanations for the inconsistencies across previous studies include (1) food preparation processes which may vary by population were not collected in these previous studies; and (2) substantial interperson variation in absorption of polyphenols have not been considered [26, 27, 63] . In contrast to the observed significant difference in mean level of EC between cases and controls, we did not find a significant linear dose-response relationship in categorical analyses (by tertile). This may be due to the fact that in the restricted cubic spline function model with nonlinear terms, we also found the dose-response association was nonlinear. Furthermore, in the spline curve, the urinary level of EC for most of cases and controls was in the low range, in which we did not find an apparent doseresponse association. However, when urinary level of EC further increased, the risk of breast cancer more appreciably reduced. The stronger inverse association observed for EC than EGC and other tea polyphenols is biologically plausible because previous in vitro and in vivo studies found EC was more potent than EGC in inhibiting breast cancer cell lines and breast cancer progression [64, 65] . We, however, cannot exclude the possibility that this finding is solely due to chance or other underlying confounding factors. The present study has several notable strengths. Levels of bioavailable polyphenols were measured together with its major metabolites using a sensitive method (LC/PDA/ ESI-MS). The parent study, the population-based Shanghai Women's Health Study, had high rates for baseline participation and follow-up, which minimized selection bias. However, one spot urine was used to measure urinary levels of polyphenols, which may not reflect well the longterm exposure levels. Intraperson variation should lead to nondifferential misclassification, which usually biases the result to the null. To the extent that intraperson variation levels of these polyphenols exist in our data, the true associations of EC and other tea polyphenol levels with breast cancer risk could be stronger than those we observed.
We found the relationship between tea consumption and urinary excretion levels of tea polyphenol differed in healthy subjects from breast cancer cases. If confirmed, this finding may be used to develop strategies to identify highrisk women. In addition, our finding suggests a possible link between urine EC level and a reduced risk of breast cancer. Future studies are necessary to confirm this finding, particularly longitudinal studies with multiple collections of biologic samples at different time window. 
